High resolution in situ X-ray powder diffraction applying synchrotron radiation and differential thermal analysis/scanning calorimetry methods have been used to examine the pseudo-binary system PrAlO 3 -SmAlO 3 . Two kinds of solid solutions with rhombohedral and orthorhombic structure exist at room temperature. At elevated temperatures, a continuous phase transition P m3m ↔ R3c and a first-order transformation R3c ↔ P bmn occur in the two respective phases. A sequence of low-temperature phase transformations R3c ↔ Imma ↔ C2/m has been detected in Pr 1−x Sm x AlO 3 samples with x < 0.35. Based on in situ powder diffraction and differential thermal analysis/scanning calorimetry data, the phase diagram of the pseudo-binary system PrAlO 3 -SmAlO 3 has been constructed.
Introduction
At room temperature, praseodymium and samarium aluminates, PrAlO 3 and SmAlO 3 , adopt two different distortion variants of the cubic perovskite structure: one with rhombohedral symmetry R3c and one with orthorhombic, space group P bnm. At elevated temperatures both compounds undergo structural phase transitions. PrAlO 3 with rhombohedral structure continuously transforms to the cubic perovskite structure at 1770 K [1] [2] [3] [4] [5] , whereas a first-order phase transition from an orthorhombic to a rhombohedral structure occurs in SmAlO 3 within the temperature range of 1023-1058 K [6] [7] [8] . One more phase transition from the rhombohedral to the cubic perovskite structure was observed in SmAlO 3 at 2223 K [7] ; however, this transition has not been confirmed by other research groups.
Low-temperature (LT) structure examinations performed by means of in situ synchrotron powder diffraction revealed that SmAlO 3 remains orthorhombic down to 12 K [5, 9] . In contrast, praseodymium aluminate undergoes additional phase transformations below room temperature (RT): a first-order transition from the rhombohedral to an orthorhombic structure at 205 K and a second-order transformation from the orthorhombic to a monoclinic structure at 151 K [10] [11] [12] [13] [14] . These transitions are considered to be caused by electronic effects involving Pr 3+ ions, such as the coupling between Pr 3+ electronic states and phonons, as well as cooperative JahnTeller effects. In addition to these transformations, several authors reported an additional transition to a tetragonal structure around 118 K, which was considered to be due to the coupling between acoustic phonons and temperature-dependent optical modes [11, [15] [16] [17] [18] [19] . However, based on a combination of high-resolution neutron and synchrotron powder diffraction data, it could be shown that the symmetry remains monoclinic down to 10 K, although PrAlO 3 becomes metrically tetragonal within experimental resolution below 118 K [20] . According to [21] , the acoustic and optical anomalies around 118 K appear to be associated with this metrically tetragonal structure that develops as accidental strain degeneracy between 110 and 120 K. A somewhat different interpretation of the LT structural behaviour of PrAlO 3 was given by other authors [22, 23] . According to these studies, the PrAlO 3 structure successively transforms from a rhombohedral structure in R3c (phase II) to an orthorhombic in Imma (phase III), followed by a further orthorhombic phase in Imma (phase IV) and a tetragonal one in I4/mcm (phase V) at 215, 153, and 122 K, respectively. The phases III and IV are described as having a similar orthorhombic structure both in space group Imma, but with a different scheme of AlO 6 octahedra tilting angles.
The unusual structural behaviour of PrAlO 3 below RT has provoked a number of publications in the last decades, and the discussions concerning LT transitions and the structures of the LT modifications of PrAlO 3 are not settled even today [5] .
The aim of the present study is to enlighten the phase and structural behaviour in the PrAlO 3 -SmAlO 3 pseudo--binary system in a wide temperature range of 12-1173 K by using high resolution in situ X-ray powder diffraction applying synchrotron radiation and differential thermal analysis/scanning calorimetry (DTA/DSC) methods.
Experimental and data analysis
Series of the Pr 1−x Sm x AlO 3 samples with x in the range of 0.12-0.92 were prepared from the oxides Pr 6 O 11 , Sm 2 O 3 and Al 2 O 3 according to the following reaction scheme:
(
Appropriate amounts of the previously fired oxides were mixed and pressed to pellets. The pellets were subsequently loaded into alumina crucibles and annealed in air at 1300 K for 24 h. In a final synthesis step the sintered pellets were arc-melted in Ar atmosphere. Phase and structural characterisation of the samples at room temperature was performed by X-ray powder diffraction using a Huber image plate Guinier camera G670 (Cu K α 1 radiation, λ = 1.54056 Å). High--temperature DTA and DSC measurements were performed on an STA 409 thermal analyser (NETZSCH, Selb) with a SiC-furnace under static air atmosphere. DTA curves were measured with a Pt10%Rh-Pt sensor in Al 2 O 3 crucibles in the temperature range of 300 K to 1773 K and with heating rates of 10 and 20 K/min. A high-temperature DSC sensor was used for higher sensitivity measurements in Al 2 O 3 sample pans up to 1573 K. Typically, the phase transitions were indicated by broad signals with no significant hysteresis. Transition temperatures were extracted from the onset of the thermal signal in the heating cycles. For LT examination, difference scanning calorimetry was performed on a DSC 204 Phoenix (Netzsch, Selb) in sealed aluminum crucibles. Temperature calibration was carried out with five transition temperatures of pure materials. The temperature was varied in the range of 90 K to 310 K with heating/cooling rates of 5, 10 and 20 K/min.
In situ low-and high-temperature crystal structure investigations were carried out with high-resolution powder diffraction applying synchrotron radiation (beamline B2, HASYLAB at DESY). Both LT and HT diffraction experiments were performed in the Debye-Scherrer capillary geometry using an on-site readable image plate detector OBI [24] . The wavelengths of 0.49342 Å (LT experiments) and 0.48917 Å (HT measurements) were calibrated using the reflection positions of silicon (NIST SRM 640b) and/or LaB 6 (NIST SRM 660a) reference materials. The typical full width at half maximum (FWHM) of reflections obtained in this geometry was 0.06-0.08
• . A closed-cycle cryostat [25] and a STOE furnace were used for in situ LT and HT diffraction experiments, respectively. All crystallographic calculations (refinements of the lattice parameters as well as full profile structure refinements) were performed by means of the Windows version of the Crystal Structure Determination program package WinCSD [26] .
Results
From the results of the XRD phase and crystal structural analysis it was established that two kinds of solid solutions Pr 1−x Sm x AlO 3 with rhombohedral (x ≤ 0.30) and orthorhombic (x ≥ 0.40) structures exist at RT. A narrow immiscibility gap exists between these two perovskite-type phases. The morphotropic phase transition in the PrAlO 3 -SmAlO 3 system occurs at x = 0.35, where the coexistence of both phases was detected. A similar transition in the related NdAlO 3 -SmAlO 3 system takes place around the samarium content of x = 0.27 [8, 27] . Structural parameters of both modifications of Pr 1−x Sm x AlO 3 solid solutions at RT, obtained by full-profile Rietveld refinements, are collected in Table I . The concentration dependence of the cell dimensions is presented in Fig. 1 . All lattice parameters decrease monotonically with increasing Sm content in Pr 1−x Sm x AlO 3 and a strong anisotropy in the lattice contraction is observed for the orthorhombic phase. In agreement with Vegard's law an almost linear dependence is observed for the normalized cell volume. 
At elevated temperatures, a first-order transformation from the orthorhombic to a rhombohedral structure is observed in the Pr 1−x Sm x AlO 3 samples with x = 0.92, 0.75, and 0.56 at 930 K, 723 K and 500 K, respectively. This transition was found in both DTA/DCS measurements and in situ X-ray synchrotron powder diffraction patterns. As an example, Fig. 2 shows the temperature dependences of the normalized lattice parameters and the cell volume of the Pr 0.25 Sm 0.75 AlO 3 sample. The limitation of the equipment used did not allow to detect the HT rhombohedral-to-cubic phase transition, which hypothetically occurs above 1700 K. From the temperature dependences of lattice parameters of the rhombohedral phase such transitions are predicted to take place in the temperature range of 1900-2400 K.
From the extrapolation of the c/a parameter ratios of the rhombohedral phases, the temperatures of the continuous transition R3c ↔ P m3m were estimated for Fig. 3) . It was found that the transition temperatures increase linearly with increasing Sm content. A similar behavior of the transition temperature is also typical for the above mentioned first-order structural transformation R3c ↔ P bnm. Both DTA/DSC data and in situ synchrotron powder diffraction examinations reveal a sequence of LT phase transformations in the praseodymium-rich samples Pr 1−x Sm x AlO 3 with x < 0.35, whereas the samples with higher samarium content remain orthorhombic and isotypic with GdFeO 3 down to 12 K. Analysis of the corresponding diffraction data allows to establish the following sequence of the transitions: R3c ↔ Imma ↔ C2/m, which is similar to that occurring in PrAlO 3 . The observed sequence of LT structural transformations is clearly illustrated by the temperature dependences of the lattice parameters for the example of Pr 0.70 Sm 0.30 AlO 3 (Fig. 4) . Refined crystallographic parameters of all structural modifications of Pr 1−x Sm x AlO 3 solid solutions at different temperatures are presented in Table II. Isomorphic substitution of Sm for Pr differently affects the LT transition temperatures in Pr 1−x Sm x AlO 3 . The temperature of the orthorhombic-to-monoclinic phase transition decreases linearly with decreasing Pr content, whereas for the rhombohedral-to-orthorhombic transformation some increase of the transition temperature is observed. In this respect, the system studied differs from the related PrAlO 3 -RAlO 3 and CeAlO 3 -RAlO 3 (R = La, Nd) systems, in which the temperatures of all LT transitions drop with decreasing praseodymium (cerium) content [28] [29] [30] [31] [32] .
Based on the results of in situ synchrotron powder diffraction examinations and partially of DTA/DSC measurements as well as available literature data, the phase diagram of the pseudo-binary system PrAlO 3 -SmAlO 3 has been constructed (Fig. 5) . Five kinds of solid solutions with different perovskite-type crystal structures exist in the system, depending on composition and temperature. Similar to the first members of the RAlO 3 series (R = La, Ce, Pr, Nd) and pseudo-binary solid solutions among them [5, [30] [31] [32] , the mixed praseodymium- samarium aluminates Pr 1−x Sm x AlO 3 with x < 0.9 crystallize in the cubic perovskite structure at high temperatures, which on cooling transforms into a rhombohedral structure. The solid solution with the cubic structure exists in a relatively narrow temperature range between the liquidus (solidus) lines and P m3m ↔ R3c transition temperature, which increase linearly with Sm content. Thus, the temperature range of existence of the cubic Pr 1−x Sm x AlO 3 phase converges with increasing Sm content and vanishes when x → 0.9. The compositions with x > 0.9 seem to crystallize in the rhombohedral perovskite structure from the melt at high temperatures as is known for SmAlO 3 . For the latter composition, the rhombohedral-to-cubic phase transition is predicted to occur at about 2450 K, which is above the melting point of the compound. The rhombohedral perovskite phase in the PrAlO 3 -SmAlO 3 system exists in a broad temperature range of 210-2320 K depending on the composition. A continuous solid solution covering the whole concentration range occurs between 1060 K and 1760 K. The orthorhombic structure in P bnm is inherent only for Pr 1−x Sm x AlO 3 compositions with x > 0.35. With rising Sm content the maximum temperature of existence of solid solutions with this crystal structure increases from 340 K to 1060 K. Finally, solid solutions with orthorhombic (Imma) and monoclinic structures have very limited concentration and temperature existence ranges: they occur only for compositions with x < 0.35 and below 270 K. 
Conclusion
The crystal structures of solid solutions Pr 1−x Sm x AlO 3 and their thermal behaviour in a wide temperature range have been investigated by using in situ X-ray powder diffraction applying synchrotron radiation and DTA/DSC techniques. It was established that five kinds of solid solutions with different types of perovskite structures exist in the PrAlO 3 -SmAlO 3 system, depending on composition and temperature. At elevated temperatures, two phase transitions occur in Pr 1−x Sm x AlO 3 : a continuous transformation R3c ↔ P m3m and a first-order transition P bnm ↔ R3c. The temperatures of both transitions increase linearly with substitution of Sm for Pr, in accordance with decreasing average R-cation radii and Goldschmidt tolerance factor. Two LT structural transformations R3c ↔ Imma and Imma ↔ C2/m, which are observed in the PrAlO 3 -SmAlO 3 system below 270 K, occur only in the Pr-rich samples. It is evident that, similarly to PrAlO 3 , these transitions are caused by electronic effects involving Pr 3+ ions and the transition temperatures depend on the Pr content in corresponding solid solutions. However, in contrast to the related PrAlO 3 -LaAlO 3 and PrAlO 3 -NdAlO 3 systems, in which the transition temperatures fall with decreasing praseodymium content, a substitution of Sm for Pr in Pr 1−x Sm x AlO 3 leads to gradual increase of R3c ↔ Imma transition temperatures and decrease of the Imma ↔ C2/m temperatures. Similar behaviour is also observed in the related PrAlO 3 -EuAlO 3 and PrAlO 3 -YAlO 3 systems [33] . It is evident that such complex behaviour of the LT phase transitions in the PrAlO 3 -RAlO 3 systems upon rare-earth metal substitution requires more comprehensive investigations of the PrAlO 3 -based materials by using various experimental techniques as well as theoretical calculations.
